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Abstract 
The theory analyses by using finite element method show that winding deformation would inevitably lead to the 
changes of three-phase transformer's magnetic field. Once short-circuit faults happened, the three-phase transformer 
winding distortions and distortion location can be quickly detected through analyzing the spectrum correlation 
coefficients of the magnetic field. Simulation and test results proved the effectiveness of this method. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
When short-circuit fault occurred in the power transformer, stress of the winding in vertical magnetic 
field can be calculated by          
510−×≈ BliF   (1) 
where L is the length of the windings, i is the current in the conductor, and B is the flux density. 
Magnetic force which causes the transformer winding distort is proportional to the short-circuit current 
and the leakage flux density. The leakage flux density distribution of duplex winding transformer and the 
winding stress analysis are shown in [1] and [2]. Because B∝  i, F∝ i2. Normally short-circuit current is 
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25-30 times more than rated current. Although the circuits have tripped protection, magnetic force is huge 
enough to cause the winding to distort seriously in a short time. 
2.  Power transformer electromagnetic field calculation model 
Ignoring displacement current, according to Maxwell Equations and using finite element methods, 
nonlinear transient field quantity equation solved by vector magnetic is inferred 
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In cylindrical coordinate system, the model of determining solution of symmetrical transient field is 
established in [3]. For solving nonlinear problem, introduce: 
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The new model of conditional problem of variation is established 
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where An and An+1 are (n+1) step and n step discrete location data, and tΔ  is time step. 
Using triangle linear elements to discretely interpolate, matrix equation is deduced 
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where {A}e is location data matrix of three nodes that is vertex of triangle linear elements, {P}e is matrix 
of right-side vector, {M}e is coefficient matrix of medium parameters and {K}e is coefficient matrix of 
node coordinates. 
3. Numerical analysis and calculation 
A model of transformer with split types of windings is built to limit short-circuit current [4]. In order 
to simplify the analysis, we change the 3d field to 2d field. The FEM of a power transformer is shown in 
Fig 1. Seven assumed conditions in the process of numerical calculation can be found in [5]. 
Set boundary condition: 
• AB and CD are interfaces between ferromagnetic material and air, and magnetic induction line can 
vertically enter into them. Their boundary conditions are the second boundary condition. 
•  AD and BC are also interfaces between ferromagnetic material and air, and their boundary conditions 
are the second boundary condition. 
For 2D field, in (x, y) plane Az is the solution of equation (7). 
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J and A only have z-axis component, so Jx=Jy=0，Ax=Ay=0. B has x-axis component and y-axis 
component. The boundary condition of 2D field is 0=∂
∂
n
Az . For 2D field, conditional problem of 
variation is that: 
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We use triangle linear elements to dissect 2D field. As shown in Fig 2., if we arbitrarily choice a unit 
from all the triangle elements, the three node of the unit can be defined as i, j, and m. Interpolation 
relationship of A of the unit’s vertex is: 
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andΔ is the area of the triangular element. 
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Fig.1. FEM of a power transformer                                                                Fig.2.  triangle unit coordinates
Regard A as the solving variable, and deduce the matrix equation 
][]][[ PAK =                                                                        (12)  
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where [K] is stiffness matrix that is superposed by stiffness matrix unit [K]e. [K]e is 3×3 symmetric 
matrices. Each element is expressed the triangle vertex coordinates and the expression of the element is  
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Deduce the vector magnetic A of nodes through solving matrix equation (12), and then calculate the 
magnetic field intensity according to (14). 
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4. Circuit simulation model and analysis 
The winding which occurred short-circuit fault can be divided into two parts. One part is fault, and the 
other is intact. According to residual voltage of coil terminal, though large current occurred by the 
residual magnetic field flows through short circuit coils and electromagnetic field changes sharply, 
equation (2) is still applicable. 
According to the simulation model of winding short-circuit faults, establish equivalent circuit [6].
After we analyze transformer's magnetic field spectrum, we can determine the location and extent of 
short-circuit fault according to the correlation coefficient of the magnetic field spectrum of the three-
phase transformer windings. As shown Fig 3., the correlation coefficients of any two spectrums are: 
R (1～2)=0.468, R (2～3)=0.916, R (1～3)=0.447.                                                                      (15) 
If correlation coefficient is greater than 0.9, it shows that the two windings are not deformed. And if 
correlation coefficient is less than 0.5, it shows that at least one winding are deformed seriously. Thus it 
can be concluded from Fig.3 that B phase and C phase windings have not been distorted, while A phase 
winding has been distorted seriously. 
Fig.3. experimental result 
5. Testing Result And Conclusion 
According to the idea of the theory analysis, we have tested the transformers online. As shown in Fig 
4(a), the correlation coefficients of any two spectrums are:  
R (1～2)=0.971, R (2～3)=0.965, R (1～3)=0.984.                                                                      (16)
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Thus it is a picture of the response curves of the three-phase transformer that never short-circuit. As 
shown in Fig 4(b), the correlation coefficients of any two spectrums are: 
 R (1～2)=0.909, R (2～3)=0.854, R (1～3)=0.877.                                                                      (17) 
Thus it is a picture of the response curves of the three-phase transformer that ever short-circuited but has 
been repaired. 
      
Fig.4. (a) testing curve A; (b)testing curve B 
Winding deformation would inevitably lead to the changes of transformer's magnetic field. Through 
analyzing and comparing the spectrum correlation coefficients of the magnetic field, the three-phase 
transformer can be tested online.
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